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ABSTRACT 

Photometric and spectroscopic results are presented for the Be star X Per/HD 24534 
from near- infrared monitoring in 2010 - 2011. The star is one of a sample of selected 
Be/X-ray binaries being monitored by us in the near-IR to study correlations between 
their X ray and near-IR behaviour. Comparison of the star's present near-IR magni- 
tudes with earlier records shows the star to be currently in a prominently bright state 
with mean J,H,K magnitudes of 5.49, 5.33 and 5.06 respectively. The JHK spectra 
are dominated by emission lines of Hei and Paschen and Brackett lines of Hi. Lines of 
Oi 1.1287 and 1.3165 /im are also present and their relative strength indicates, since 
Oi 1.1287 is stronger among the two lines, that Lyman /3 fluorescence plays an im- 
portant role in their excitation. Recombination analysis of the Hi lines is done which 
shows that the Paschen and Brackett line strengths deviate considerably from case 
B predictions. These deviations are attributed to the lines being optically thick and 
this supposition is verified by calculating the line center optical depths predicted by 
recombination theory. Similar calculations indicate that the Pfund and Humphrey se- 
ries lines should also be expected to be optically thick which is found to be consistent 
with observations reported in other studies. The spectral energy distribution of the 
star is constructed and shown to have an infrared excess. Based on the magnitude 
of the IR excess, which is modeled using a free-free contribution from the disc, the 
electron density in the disc is estimated and shown to be within the range of values 
expected in Be star discs. 
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1 INTRODUCTION 

The Be star X Per/HD 24534 is the optical/IR counterpart 
of the X-ray source 4U0352-I-30 and belongs to the class 
of Be/X-ray binaries. T he orbital parameters of the system 
have been estimated by iDelgado-Marti et al.l (|200lh as fol- 
lows: a period of 250 days, an eccentricity of 0.11 and an 
inclina tion angle between 26 and 33 degrees. IWhite et al.l 
||1976 D found evidence of 13.9 min modulations of the X- 
ray flux using the data taken with Copernicus and Ariel 5 
satellites. iDelgado-Marti' et al.l (|200lh found similar modu- 
lation of 837 s in RXTE data, which possibly corresponds 
to the spin period of the neutron star. The Be star was 
classified to be of 09.5 me type with a rotation velocity 
{v s ini) of 200 km s ~ ^ and lying at a dis ta nce of 1300 ± 400 
PC JSlettebakl Il982l : [Norton et all Il991^ . iLvubimkov et al.l 
l|l997l i" re-estimated the spectral type, v sini and distance 
using the data taken during a low-luminosity disc-less phase 
(1989-91) to be BOVe, 215 ± 10 km s'^ and 700 ± 300 
pc, respectively. From optical and infrared photometric data 
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spannmg a decade (1987-951. iRoche et all (|l997l ) estimated 
the spectral type and distance as BOV and 900 ± 300 pc, 
respectively, during the disc-less phase. 

From optical spectrosc opy and infr a red p hotometry 
during the period 1988-90, iNorton et aD (|l99lh identified 
the loss of the circumstellar disc in X Per. This was based 
on the change of the Ha profile from emission to absorp- 
tion, an associated decrease in the infrared flux and the 
flattening of the infrared spectrum. iFabregat et"ai] (|l992l ) 
used this dataset to study the astrophysical parameters of 
X Per since the loss of disc revealed the normal B-type star. 
They estimated the spectral type of the star to be 09.5 llle 
and set a lower age limit of 6 Myr for X Per system. From 
high resolution o p tical spectroscopy and V band photom- 
etry, IClark et al.l (|200ll ) identified an episode of complete 
disc loss during 1988 May - 1989 June, characterised by re- 
duction in flux of 0.6 mag in V band and th e presence of 
absorp tion profiles of Ho? and He: 6678 A lines. iRoche et al.l 
(| 19931 ) identified an extended low state during 1974-77 which 
may be associated with a disc loss event from the analysis 
of optical, infrared and X-ray observations of X Per over a 
period of 25 years. pTarasov fc Rochd (|l995l ) reported the in- 
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teresting formation of a double circumstellar disc in X Per, 
inferred from the quadruple emission peak structure in Hel 
6678 A line. 

X Per was monitored as part of a program to observe 
Be/X-ray binaries in the near-IR using the 1.2m Mt. Abu 
telescope. The first photometric observations indicated that 
X Per was brighter by ~ 0.7 mag in J,H,K compared to 
its listed 2MASS values providing the initial motivation to 
continue observing the object. At present, photometry and 
spectroscopy spanning 8 nights spaced over a period of 3 
months are reported. 

Since much of this work is related to near-IR spec- 
troscopy, it is worthwhile to summarize the major near-IR 
spectroscopic studies of Be stars that are relevant to this 
work. A large sample of 57 and 66 stars in the H and K 
bands respectively of spectral types 09 - B 9 and luminos- 
ity cla sses III, IV and V were studied by ISteele fc ClarkI 
(|200ll ') and IClark fc Steele l{200(t ) in two studies separately 
devoted to the H and K bands respectively. The major em- 
phasis of these studies was on characterization of the stars 
based on the lines of different species seen in their spec- 
tra. Both studies serve as good templates for comparing 
or contrasting newly obtained H and K spectroscopic data 
of other Be stars. A significant extension into understand- 
ing the L band spec tra of Be stars was recently made by 
iGranada et al.l (|201Cll ). These authors used simultaneous K 
and L band spectroscopy to understand the circumstellar en- 
velope properties from the Brackett, Pfund and Humphrey 
lines of hydrogen seen i n the spectra. From the ISO spectra, 
iLenorzer. de Koter fc Waters (,2002 ) used the line flux ratio 
of Hu(14)/Bra and Hu(14)/Pf7 as a diagnostic tool to con- 
strain the geometry of the ionized circumstellar material. In 
the J band, there appears to be a paucity of spectroscopic re- 
sults - either of isolated stars or of larger samples - although 
this band contains certain diagnostic lines of considerable 
physical interest as discussed in section 3.1. 



2 OBSERVATIONS 

The photometric and spectroscopic observations of X Per 
were carried out from the 1.2m Mt. Abu telescope, operated 
by the Physical Research Laboratory. The log of the photo- 
metric observations along with derived JHK magnitudes is 
given in Table 1. The log of the spectroscopic observations 
is given in Table 2. The near-IR JHK spectra presented 
here were obtained at similar dispersions of ~ 9.5 A /pixel 
in each of the J, H, K bands using the Near-Infrared Im- 
ager/Spectrometer with a 256 x 256 HgCdTe NICM0S3 
array. The 1 arc second wide slit images to 2 pixels on the 
detector thereby yielding a resolving power of 800-1000 in 
the near-IR bands. A set of two spectra were taken with the 
object dithered to two positions along the slit. The spectra 
were extracted using IRAF and wavelength calibration was 
done using a combination of OH sky lines and telluric lines 
that register with the stellar spectra. Following the standard 
procedure, the object spectra were then ratioed with the 
sp ectra of a comparison star (SAO 56762; A5V, Teff = 8200 
K l|Schmidt-Kaleij|l982h l observed at similar airmass as the 
object. Prior to the ratioing process the hydrogen Paschen 
and Brackett absorption lines in the comparison stars spec- 
trum are removed using a Gaussian fit using IRAF. The 



ratioed spectra were then multiplied by a blackbody curve 
at the effective temperature of the comparison star to yield 
the final spectra. Photometry in the JHK bands was done 
in photometric sky conditions using the imaging mode of 
the NICM0S3 array. Several frames, in five dithered posi- 
tions offset typically by 20 arcsec, were obtained of both the 
program object and a selected standard star (SAO 56762; 
A5V) in each of the J, H, K filters. Near-IR JHK magni- 
tudes were then derived using IRAF tasks and following the 
regu lar procedure followed by us for photometric reduction 
(e.g. iBaneriee fc Ashokl (|2002h '). 



3 RESULTS 

3.1 Photometric results and general 
characteristics of the spectra 

The light curve of X Per taken over 6 epochs is shown in 
Figure 1, indicating no significant variations over this pe- 
riod. The mean near-IR brightness is high when compared 
with the compilation o f JHK magnitudes collected over 25 
years bv lTelting et al.l (|l998l ). For example, two of the sets 
of data with lowest J, H, K magnitudes (highest flux values) 
recorded by these authors are 5.82, 5.21 and 5.15 on 1987 
August 30 and 5.44, 5.41 and 5.29 respectively between 1994 
September 16 - 20. This enhanced near-IR brightness could 
be an indication of the accumulation of more material in the 
disc, resulting from episodes of stellar mass loss events. 

Regarding the spectra, the recombination emission lines 
of hydrogen and helium are seen to dominate the JHK spec- 
tra. The prominent lines seen are Paschen /3 1.2818 /xm, 
Paschen 7 1.0938 /im and Hel 1.0830 /im in the J band (Fig- 
ure 2); Brackett 10 to 18 and Hel 1.7002 /im in the H band 
(Figure 3) and Brackett 7 2.1656 ^im, Hel 2.058, 2.1120, 
2.1132 fira in the K band (Figure 4). The H and K band 
spectra of X Per are similar to t hose of classical Be s t ars ob - 
served bv lSteele fc ClarkI (|200ll ) and|Cl ark fc Steele' (200Cj). 
Based on their K band spectra, IClark fc Steele t2000) clas- 
sified Be stars into five groups based on the strength and 
presence of the Br7, Hel and Mgll 2.138, 2.144 fim features 
which are seen in the K band. Group I candidates are those 
stars which show Br7 in emission along with Hel line fea- 
tures which can either be in emission or in absorption. It was 
also seen that all Group I candidates belonged to spectral 
class B3 or earlier. The observed presence of both Br7 and 
Hel in emission in X Per would indicate that it belongs to 
Group I and its spectral type is hence expected to be ear- 
lier than B3 — this is consistent with its present spectral 
classification of 09.5 me. 

An interesting aspect of the spectroscopy is the pres- 
ence of the Ol 1.1287 ^.m and 1.3165 /im lines in the J band 
spectra. The relative strengths of these lines can help dis- 
criminate whether the Ly/3 fluorescence mechanism is op- 
erational or not in the star. The Ly /3 fluorescence mech- 
anism was proposed by 'Bo wenI |l943) wherein due to the 
near coincidence of wavelengths, hydrogen Ly/3 photons at 
1025.72 A can pump the Ol ground state resonance line at 
1025.77 A thereby populating the Ol 3d^D° level. The subse- 
quent downward cascade produces the 11287, 8446 and 1304 
A lines in emission thereby enhancing the strengths of these 
hues. It is expected that W(1.3165)/W(1.1287) ^ 1 if con- 
tinuum fluorescence is the significant excitation mechanism 
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5.4 — 
5.45 r 

5.5 r 
5.55 r 

5.6 ^ 
20 

5.2 — 
5.25 r 

5.3 r 
5.35 r 

5.4 L 
20 



Table 2. Journal of the spectroscopic observations. 
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Figure 1. Near-IR light-curve of X Per during the period 2010 
December to 2011 February. 



Table 1. Journal of the photometric observations. The errors on 
the JHK magnitudes are shown in brackets. 



Date 


MJD 




Photometry 
Magnitudes 








J 


H 


K 


2010 










Dec. 04 


55534.7 


5.49 (0.01) 


5.37 (0.01) 


5.01 (0.02) 


Dec. 10 


55540.8 


5.52 (0.01) 


5.37 (0.02) 


5.11 (0.03) 


Dec. 15 


55545.7 


5.48 (0.01) 


5.33 (0.04) 


5.09 (0.02) 


2011 










Jan. 13 


55574.7 


5.48 (0.01) 


5.33 (0.02) 


5.07 (0.01) 


Jan. 26 


55587.7 


5.46 (0.02) 


5.30 (0.03) 


5.05 (0.02) 


Feb. 08 


55600.7 


5.51 (0.03) 


5.28 (0.02) 


5.05 (0.02) 



for these lines ( Istrittmatter et al.1 l|l977h . iGrandil (| 19751 ): 

W is the equivalent width). On the other hand, if excitation 
by the Ly/3 fluorescence process is significant, the 1.1287 fim 
line should become stronger of the two lines. Since we mea- 
sure a mean value of W(1.3165)/VK(1.1287) = 0.43 for for 
all epochs of our observations, it is implied that the Ly/? 
fluorescence process is operative and has a significant role 
in the excitation of the Ol lines. 

The equivalent widths of the prominent lines, measured 
in A are given in Table 3 - the typical error in the measure- 
ment of the equivalent width values is 10 %. 



3.2 Analysis of the continuum 

We construct and analyse the spectral energy distribution 
of the object in this section based on the near-IR magni- 
tudes. Since the JHK photometric estimates during the 
period of observation do not change much (Table 1), it is 
adequate to model the SED by considering the data for one 
representative epoch - we have taken the 2010 December 



Date 



Spectroscopy 



Airmass 





Exp. time (s) 


X Per 


SAO 56762 




J 


H 


K 


(J, H, K) 


(J, H, K) 


2010 












Dec. 05 


40 


40 


50 


(1.01,1.02,1.05) 


(1.13,1.17,1.19) 


Dec. 10 


50 


40 


50 


(1.14,1.16,1.19) 


(1.12,1.18,1.20) 


Dec. 15 


90 


60 


60 


(1.08,1.10,1.22) 


(1.08,1.12,1.19) 


2011 












Jan. 13 


60 


60 


60 


(1.09,1.10,1.13) 


(1.09,1.11,1.16) 


Jan. 26 


60 


40 


40 


(1.14,1.16,1.19) 


(1.14,1.18,1.20) 


Jan. 28 


40 


40 


40 


(1.33,1.28,1.25) 


(1.36,1.30,1.25) 


Feb. 08 


60 


60 


120 


(1.06,1.05,1.04) 


(1.06,1.05,1.03) 




1.1 1.15 1.2 1.25 1.3 

Wavelength (/xm) 

Figure 2. Flux calibrated J band spectra of X Per are displayed 
at different epochs with an offset between adjacent spectra for 
clarity. The amount of offset in units of 10~^^ Wcm~^^m~^ is 
shown in brackets after the date of observation. 



10 data for this purpose. Figure 5 shows the SED where 
the JHK spectra have been dereddened using the corre- 
sponding JHK phot ometric values and E[B — V) = 0.39 
jFabregat et al.lll992 ') using the task DEREDDEN in IRAF. 
We have shown a blackbody curve at T = 31400 K corre- 
sponding to the effect ive temperature determined for X Per 
(tPabrega t et al.ll 19921 ). In spite of a thorough search of avail- 
able databases, we are unable to locate any V band mea- 
surement contemporaneous with our near-IR observations. 
We have thus used the long-term c ompilation of photometric 
magnitudes of lTelting et al.l (ll998|) and assume that the col- 
ors of the star (for e.g. {V — J), {V — H) etc.) should remain 
fairly the same at similar brightness levels. That is, similar 
JHK magnitudes in Telling's and the present study should 
be accompanied by similar V magnitudes. As mentioned ear- 
lier, our JHK values are similar to that obtained on 1994 
September 16 - 20 when X Per was in a high brightness state. 
Hence we have taken the V magnitud e as 6.24, corr e spond - 
ing to 1994 September 25, as given in lTehing et al.l l|l998h . 
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Feb 


08 (LB) 




Jan. 


as (1,5) 






1 Jan. 


26 (1,2) 



Figure 3. Flux calibrated H band spectra of X Per are displayed 
at different epochs with an offset between adjacent spectra for 
clarity. The amount of offset in units of 10~^^ Wcm~^/im~^ is 
shown in brackets after the date of observation. 




2.05 2.1 2.15 

Wavelength (/xm) 

Figure 4. Flux calibrated K band spectra of X Per are displayed 
at different epochs with an offset between adjacent spectra for 
clarity. The amount of offset in units of 10~^^ Wcm^'^/xm"^ is 
shown in brackets after the date of observation. 



The blackbody curve in Figure 5 has hence been anchored 
to this V band magnitude which is also deredenned using 
E{B — V) = 0.39. From Figure 5 it is evident that a black- 
body curve poorly fits the SED of X Per and an infrared 
excess is seen which we attribute to free-free (f-f) emission 
from the disc. 

The observed free-free excess can be modeled to obtain 



an average value of the electron density in the disc. Given 
a distance D to the object, a volume v for the emitting 
ionized gas of the disc, the observed flux F (in units of W 
cm~'^ ^,m~^ ) due to f-f contribution will be given by 

F = jxff X v/A-rD^ (1) 

where the free-free volume emission coefficient, ja// (in 
units of W cm~'^ /im~^) can be calculated from 

jxfs = 2.05 X 10~^"A"^2^gr7^''^neniexp(-c2/Ar,) (2) 

In the above A is the wavelength of emission in /.im, z 
is the charge, g is the Gaunt factor, Ts is the disc tempera- 
ture, Tie and rii are the electron and ion densities respectivel y 
and c2 = 1.438 cm K (|Baneriee. Janardhan fc Ashokll200ll ). 
In the case of a circumstellar disc, the volume of the emis- 
sion region {v) is reasonably estimated as nRs^Hs, where 
Rs and Hs are the disc radius and thickness respectively. 
In the case of Be stars, the disc thickn ess can be approx i- 
mated to be one- fifth of stellar radius (|Gehrz et al.lll974l ). 
We assume g and z to be unity, Ue = rn for a pure hy- 
drog en shell, and ad o pt a d istance to the object of 1300 pc 
from iFabregat et al.l (|l992l ) . The calculated values of free- 
free electron flux as a function of wavelength is shown as 
dotted line in Figure 5 for a temperature of 10,000 K and 
Tie — 4x 10^^ cm"''. The free-free contribution, computed for 
a choice of these parameters, when added to the blackbody 
curve is found to reproduce the observed SED much better 
than a blackbody alone. This value of electron density is 
compar able with that ex p ected from observati o nal model- 
ing (e.g. lSilai etHI (|2010l ) : rCarciofi et all (|2008h : lGies et all 
((20071)). A realistic model should take into account the opti- 
cal depth effects while calculating the continuum emission. 



3.3 Recombination analysis of the hydrogen lines 

Of the Hi lines, only two of the Paschen series lines could be 
covered in the spectra presented here viz. Pa/3 at 1.2818 
and Pa7 at 1.0938 ^m. Whenever recorded, Pa7 is found 
to be stronger than Pa/3 contrary to what is expected (see 
Figure 2). This indicates that these Paschen lines are opti- 
cally thick since the expected ratio in recombination case B 
conditions is /(Pa/J)/7(Pa7) ~ 1.57 - 2.01 for typical densi- 
ties and temperatures prevailing in Be star discs (i.e. Te — 
10* K, rie in the range 10^" to 10^*cm"^; here / is the line 
inten sity in units of erg cm~^ s~^ whose values are taken 
from IStorev fc Hummeij (|l995h ). In essence, Pa/3 is always 
expected to be stronger than Pa7 under optically thin case B 
conditions. Optical depth effects are more clearly seen in the 
Brackett series lines viz. Br7 in the K band and BrlO to 18 
in the H band. In Figure 6, we present plots of the observed 
strength of Br lines versus their predicted intensities under 
recombination case B conditions. The line fiuxes used in this 
figure were derived from the spectra which were fiux cali- 
brated by the broad-band JHK magnitu des of Table 1 and 
dereddened using a value of Ay = 1.19 (|Valencic fc SmithI 
120081 ). 

We have presented the data only for 2010 December 10 
and 2011 January 26 in Figure 6 since there is considerable 
cluttering and loss of clarity if the observed data of all 5 
days are presented. But we found that a similar trend for 
the line strengths, as presented in Figure 6, is seen too for 
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Table 3. Measured equivalent widths of the emission hues in A. 



Date 


rap 




Hel 
(1.08) 
(fim) 


Brio 


Hel 
(1.70) 
(fim) 


Brll 


Brl2 


Brl3 


Brl4 


Brl5 


Brl6 


Brl7 


Brl8 


Br^ 


Hel 
(2.05) 
(Mm) 


2010 
































Dec. 05 


14.3 






15.4 


3.6 


15.2 


11.1 


12.0 


11.2 


7.5 


9.8 


9.6 


4.3 


15.1 


23.7 


Dec. 10 


21.0 






13.1 


4.1 


14.6 


13.5 


11.6 


12.9 


10.8 


13.1 


8.0 


7.7 


20.8 


23.8 


Dec. 15 


14.3 






11.0 


4.7 


13.0 


12.7 


10.7 


11.7 


11.1 


11.8 


8.4 


8.2 






2011 
































Jan. 13 


22.6 


18.4 






4.1 


14.9 


11.2 


9.9 


11.4 


11.3 


13.5 


10.3 


7.3 


19.7 


24.0 


Jan. 26 


16.8 


15.9 


28.9 


11.4 


4.0 


13.5 


14.1 


11.4 


14.2 


9.6 


10.0 


9.4 


7.8 


18.1 


22.1 


Jan. 28 


12.8 


17.0 


19.0 


13.1 


4.1 


10.8 


12.1 


10.2 


10.8 


7.4 


12.2 


7.4 


9.8 


16.2 


20.6 


Feb. 08 


17.4 


20.4 




11.8 


4.1 


11.3 


12.7 


10.4 


11.6 


9.6 


11.7 


9.1 


7.2 


14.3 


22.8 




Figure 5. The spectral energy distribution of X Per for the epoch 
2010 December 10 is shown in the figure. The flux calibrated JHK 
spectra are dereddened using E{B — V) = 0.39. The blackbody 
corresponding to the central stars temperature of T = 31400 K is 
shown by a dashed line, the free-free contribution from the disc by 
a dotted line and their co-added sum by a solid line. Also shown 
is the V band flux corresponding to high brightness state (filled 
circle). For further details see section 3.2. 



the data of the other days. Th e case B line intensities are 
from [storey fc Hummerl for a temperature Te = 10 

K and for three representative values of the electron den- 



sity Tie = 10 , 10 and 10 cm~ , respectively. As can 
be seen from Figure 6, the observed line intensities deviate 
significantly from the optically thin case B values. This in- 
dicates that Brackett lines are optically thick during all the 
epochs of observation of X Per. This observed behaviour 
of the Br line st rengths is cons i stent with that seen in Be 
stars in general. ISteele fc ClarkI l|200ll ). from their H band 
spectroscopy of 57 Be stars, showed that the strengths of 
Br 11 to Br 18, relative to each other, do not in general fit 
case B theory particularly well. Being a paper devoted to 
the H band, they did not include Br7 in their analysis, but 



Figure 6. Recombination case B analysis of the Brackett lines 
of hydrogen are shown for X Per where the Br line fluxes are all 
normalized with respect to the line flux of Pa /3. The lines shown 
are BrlO - 18 (1.7367 - 1.5346 fira) and Br7. A large deviation 
from case B predictions is seen especially in the behavior of the 
higher Br lines. Filled triangles indicate the observations taken on 

2010 December 10 while the filled circles correspond to that on 

2011 January 26. Solid lines represent case B values for = 10"' 
K, rie = 10^" (shown as continuous line), lO^'^ (shown as dashed 
line) and 10^^ cm^^ (shown as dot-dashed line). 



its inclusion here in Figure 6 brings out the deviation from 
case B values even more clearly. From recombination theory 
it is qualitatively expected, under optically thin conditions, 
that when strengths of lines of the same series are compared, 
a lower line of the series should be stronger than a higher 
line. For example, it is expected that Br7 (corresponding to 
a transition between levels 7-4) is expected to be stronger 
than any higher line of the series like BrlO or Brll (transi- 
tions between 10 — 4 and 11-4 respectively). But the reverse 
is actually being observed here. 

It is interesting to note that lines of even the higher 
Pfund (Pf) and Humphrey (Hu) series could in general 
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be optically thick in Be stars. For e.g., of the 8 Be stars 
for which the L ba nd spectra have been presented by 
iGranada et al.l (|2010l ). the spectra of EW Lac and BK Cam 
cover several of the Pf and Hu lines viz. Pf 8, 9, 10 and 17 - 
27 & Hu 14 - 25. Analysis of their strengths, and compari- 
son with case B predictions, shows a strong departure from 
the op tically thin case (Figures 4 and 5 in iGranada et al.l 
l|201C 



We analyzed the case B model values to check whether 
opacity effects are expected to affect the strengths of the Br 
line shown in Figure 6 under the density conditions prevail - 
ing in Be discs. It is verified f rom Iff ummer fc StorevI (| 19871 ') 
and lStorev fc Hummeij (| 19951 ) that line center optical depth 
values can be significant when the densities become large as 
in Be star discs. The above studies tabulate the value of the 
opacity factor f2„_„/ for different Hi lines for transitions be- 
tween levels (n ,n') at different temperat ures and densities 
(equation 29 of iHummer fc StorevI l|l987t )). From this value 
of Q.n,ni , the optical depth at line-center r„ is to be calcu- 
lated using r = neriiflL, where L is the path length in cm. 
As a representative example we consider a Br line photon, 
originating in the disc, trying to escape across the thickness 
of the disc. Then L may reasonably be approximated as the 
thickness of the circumstellar disc which is typically assumed 
to be 1/5 times the stellar r adius. For X Per, the stellar ra- 
dius is estimated as 13 x J?© (|Fabregat et al.llT992f ) for which 
L comes out to be 1.82x10^^ cm. The correspon d ing v alue 
of the optical depth r, from IStorev fc Hummeil (|l995l ). is 
then found to be ~ 13500 for Br7 and this then decreases 
monotonically down the series to a value of r ~ 300 for Br 
18 (these r values are computed at representative values of 
Te = lO" K and Tie = lO" cm"^). At a lower density of = 
10^^ cm"'^, the r values decrease by approximately a factor 
of ~ 10000 (since r oc UeUi) to r ~ 1 so lines like Br7 still 
remain significantly thick. Thus recombination theory does 
predict that the Br and Pa lines should in general be opti- 
cally thick. Going beyond t he Pa and Br lines , it ma y also 
be easily verified from the IStorev fc Humrnerl (|l995l ) data 
that the optical depth in the Humphrey and Pfund lines are 
also large - of similar magnitude as the r values for the Br 
lines - at similar densities considered here. This is likely to 
explain the observed deviations of the strength of these l ines 
from c ase B predictions as seen in the data of iGranada et al.l 
l|2010D . 



Unrelated to Be stars but worth mentioning in this con- 
nection, is the analogous behaviour of the Pa and Br line 
strengths arising from the ionized ejecta of novae. Here too, 
similar optical depth effects are sometimes seen as for exam- 
ple in the spectra of nova Oph 199 8 (V2487 Op h ) and nova 
Sgr 2001 (V4643 S gr) studied by iLvnch et al.l l|2000l ) and 
lAshok et al.l (|2006l ). respectively. The large optical depths 
seen in the Br and Pa li nes in such cases ar e well explained 
by a model developed bv lLvnch et al.l (|2000l ) who show that 
the relatively larger intensities of the higher members of the 
Paschen and Brackett series arise because of emission from 
high-density or optically thick emission line gas. In effect, it 
is only at high densities (around 10^° - 10^^) which occur 
in novae ejecta just after outburst before expansion dilutes 
the ejecta, that optical depth effects become pronounced. 



4 DISCUSSION 

In Be stars the situation regarding optical depth effects 
could be complex since the optical depth in a line will 
also depend on the region from where the line emanates. 
Interferometric results indicate that different lines origi- 
nate from different regions in the circumstellar disc, i.e., 
regions of different electron density and hence different r 
values. The presence of density enhancements due to spi- 
ral waves in the disk c ould compl i cate matters further 
IWisniewski et all (|2007l '). lHesselbachl (|2009l fh. Disc size es- 
timates that are now available show considerable varia- 
tion in sizes from measurements a round the H q emission 
line (e.g. iOuirrcn bach et al.. (1997l 'l. Tstee et ah I (|2005i ): sev- 
eral papers by Tycner and collaborators); in the infrared 
10 fj,m N band contin uum (IChesneau et al.ll2005l ): in the 
near-IR K band (e.g. iGies et al.l (|2007l )): in the H band 
continuum and also in K band Br7 an d Hel 2.058 fim 
emission lines iMillan-Gabet et all [2OI0I ). A summary of 
the interferometric results ava il able u pto fairly recent times 
may be found in iGies et al] l|2007l) and Monnier (2003; 
and references therein). Variations in disc sizes, though not 
measured directly, are a lso suggested by the modeling of 
iJaschek fc Jaschekl (| 19931 ) for the Ol and Paschen lines. 
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